Cancer stem cells have been described in various cancers including squamous tumours of the skin by their ability to reform secondary tumours upon transplantation into immunodeficient mice. Here, we used transplantation of limiting dilution of different populations of FACS-isolated tumour cells from four distinct mouse models of squamous skin tumours to investigate the frequency of tumour propagating cells (TPCs) at different stages of tumour progression. We found that benign papillomas, despite growing rapidly in vivo and being clonogenic in vitro, reformed secondary tumours upon transplantation at very low frequency and only when tumour cells were co-transplanted together with tumour-associated fibroblasts or endothelial cells. In two models of skin squamous cell carcinoma (SCC), TPCs increased with tumour invasiveness. Interestingly, the frequency of TPCs increased in CD34 HI but not in CD34 LO SCC cells with serial transplantations, while the two populations initially gave rise to secondary tumours with the same frequency. Our results illustrate the progressive increase of squamous skin TPCs with tumour progression and invasiveness and reveal that serial transplantation may be required to define the long-term renewal potential of TPCs.
Introduction
Different models have been proposed to explain tumour growth and heterogeneity. In the stochastic model of tumour growth, all cancer cells have the same intrinsic properties to contribute to tumours growth and choose between selfrenewal and differentiation in a stochastic manner (Shackleton et al, 2009; Nguyen et al, 2012) . In contrast, in the cancer stem cell (CSC) model, tumours are hierarchally organized, with only some tumour cells, called CSCs, presenting greater renewing potential that sustain long-term tumour growth (Reya et al, 2001; Shackleton et al, 2009; Nguyen et al, 2012) . Many recent studies using prospective isolation of a fraction of tumour cells followed by their transplantation into immunodeficient mice have demonstrated that certain population of tumour cells contains cells with higher probability to reform secondary tumour upon transplantation, supporting the existence of CSC (Reya et al, 2001; Pardal et al, 2003; Lobo et al, 2007; Shackleton et al, 2009; Nguyen et al, 2012) . Furthermore, the existence of CSCs in different types of primary solid tumours, including skin squamous tumours, has recently been confirmed by lineage-tracing experiments (Driessens et al, 2012; Schepers et al, 2012) .
Skin squamous cell carcinoma (SCC) is the second most frequent skin cancer in human and affects about 500 000 new patients per year worldwide (Alam and Ratner, 2001 ). Mouse models for skin squamous tumours resemble human skin cancers and offer an ideal model to study cancer initiation and growth (Owens and Watt, 2003; Perez-Losada and Balmain, 2003) . The most extensively used mouse cancer model is the multistage chemically induced skin tumours (Kemp, 2005; Abel et al, 2009 ). In the first step (called 'initiation'), mice are treated with a low dose of the mutagen 9,10-dimethyl-1,2-benzanthracene (DMBA). In the second step (called 'promotion'), mice are treated with 12-Otetradecanoyl phorbol-13-acetate (TPA), a drug that stimulates epidermal proliferation. During promotion, benign tumours (papilloma) arise, some of which progress to invasive SCC. Genetic mouse models of skin squamous tumours have been developed by combining conditional expression KRas G12D mutant and p53 deletion in different population of epidermal cells White et al, 2011) . These models allow the initiation of either benign tumours (expression of KRas G12D alone) or aggressive SCC (combining oncogenic KRas G12D expression and p53 deletion) and genetically control their p53 status, which plays a key role in skin tumour progression (Kemp et al, 1993) . Skin SCCs arising in these genetic mouse models present features of very invasive tumours including spindle shape and expression of EMT markers White et al, 2011) .
Recently, CD34-expressing tumour propagating cells (TPCs) with increased clonogenic potential and the ability to form secondary tumours upon transplantation into immunodeficient mice have been isolated from DMBA/TPA-induced skin SCC (Malanchi et al, 2008) . However, it was later shown that both CD34 HI and CD34 LO tumour epithelial cell (TECs) populations from DMBA/TPA-induced skin SCC cultured in vitro 4 days before their transplantation present similar ability to reform secondary tumour upon transplantation into immunodeficient mice (Schober and Fuchs, 2011) . These two conflicting studies raise questions to whether CD34 expression can be used as marker to enrich for TPCs in skin SCCs. Moreover, it is not clear from these studies what is the exact frequency of TPCs in primary murine SCC and whether this frequency changes with tumour progression.
In this study, we investigate the frequency of TPCs along tumour progression in different models of squamous skin tumours. We found that papilloma, although proliferating intensively in primary tumours in vivo and during in vitro culture, present a very low tumour propagating potential in this assay, and only when co-transplanted together with tumour endothelial cells or tumour-associated fibroblasts. In contrast, we found that the frequency of TPCs massively increased with tumour progression, invasiveness and serial transplantation. These data demonstrate the importance of the tumour microenvironment and other intrinsic tumour features such as the loss of p53 in dictating the ability of TPCs to reform secondary tumour upon transplantation into immunodeficient mice, and which may not necessarily reflect the actual growing rate of the primary tumours or their CSC content.
Results

CD34 is expressed in papilloma and carcinoma from different mouse models of skin tumours
We first examined the expression of CD34, a previously reported CSC marker of human SCC and mouse DMBA/ TPA-induced squamous skin tumours (Malanchi et al, 2008) , in different mouse models of skin squamous tumours that differed by their stage of tumour progression and invasiveness ( Figure 1A ). Immunofluorescence analysis revealed that Lin À /a6 þ /Epcam þ /CD34 þ TECs were located mostly basally (K5 positive), close to the endothelial cells (endoglin positive cells) in both KRas G12D and DMBA/ TPA-induced skin papillomas ( Figure 1B ) (Beck et al, 2011) . CD34 is more widely expressed in tumour cells of invasive SCCs irrespective of the mouse model used to induce cancer formation ( Figure 1B) . We used FACS analysis to quantify the proportion of CD34 þ in Lin À /a6 þ /Epcam þ TECs in benign papilloma and invasive SCC induced by DMBA/TPAinduced carcinogenesis and in Lin À /a6 þ /YFP þ TECs genetic mouse model involving the combination of oncogenic KRas G12D expression and p53 deletion. Irrespective of whether papilloma are induced by DMBA/TPA carcinogenesis or by oncogenic KRas G12D expression, about 20% of Lin À / a6 þ /Epcam þ basal TECs expressed CD34 ( Figure 1C and D) . As tumours progress, the proportion of CD34 þ TECs significantly increased, reaching at least 60-70% of basal Lin À / a6 þ /Epcam þ or YFP þ TECs in invasive SCC from both DMBA/TPA and genetically induced SCC ( Figure 1C and D) . Altogether, these data show that CD34 is expressed by a fraction of squamous skin tumours including benign papilloma and malignant SCC and the proportion of Lin À /a6 þ / Epcam þ or YFP þ /CD34 þ TECs increased during tumour progression.
TECs from benign papilloma cannot be propagated into immunodeficient mice without their tumour stroma During DMBA/TPA-induced carcinogenesis, papillomas arise around 10 weeks after the first administration of DMBA/TPA and grow steady thereafter upon TPA treatment (Figure 2A) . Similarly, papilloma arising from oncogenic KRas G12D expression in the basal epidermis (K14CREER/KRas G12D ) or in the bulge SCs (K19CREER/KRas G12D and Lgr5CREER/KRas G12D ) developed 2 À 4 months after TAM administration and grew at a slightly higher rate than the DMBA/TPA-induced papillomas ( Figure 2A ). Analysis of cell proliferation in DMBA/TPA and KRas G12D induced papillomas demonstrated the basal cells were highly proliferative and about 30% of basal TECs incorporate ethynyl deoxyuridine (EdU) after a 4-h pulse ( Figure 2B and C) .
We first investigated the renewal potential of TECs from papillomas by testing their ability to form colonies in vitro. FACS-isolated Lin À /a6 þ /Epcam þ /CD34 þ and Lin À / a6 þ /Epcam þ /CD34 À TECs from DMBA/TPA and KRas G12D induced papillomas were cultured on feeder layers and their ability to form proliferative colonies was assessed during the first primary culture, to avoid the confounding factors of chromosomal abnormalities that can arise after multiple passages of murine keratinocytes. The colony forming efficiency as well as the total cell output during the 2 weeks of primary culture were comparable between Lin À / a6 þ /Epcam þ /CD34 þ and Lin À /a6 þ /Epcam þ /CD34 À TECs isolated from DMBA/TPA and genetically induced tumours (Supplementary Figure S1A and B). The TECs from papillomas proliferated very rapidly in vitro, as demonstrated by the high percentage of EdU-positive cells after a short pulse and were able to undergo terminal differentiation as shown by the presence of few K10-positive cells in the centre of the colonies (Supplementary Figure S1C and D).
We next investigated the ability of Lin À /a6 þ /Epcam þ / CD34 þ and Lin À /a6 þ /Epcam þ /CD34 À TECs from papillomas to reform the parental tumour upon transplantation into immunodeficient mice ( Figure 2D ). Very surprisingly, one million of FACS purified Lin À /a6 þ /Epcam þ /CD34 þ and Lin À /a6 þ /Epcam þ /CD34 À TECs which correspond to the total number of Lin À /a6 þ /Epcam þ /CD34 þ cells found in multiple papillomas induced by DMBA/TPA treatment or by oncogenic KRas G12D expression in different cell lineages of the skin epidermis did not induce secondary tumour formation upon transplantation into immunodeficient mice ( Figure 2E ). To investigate whether the degree of immunosupression affect the formation of secondary tumour following transplantation of Lin À /a6 þ /Epcam þ TECs from skin papilloma, as it has been proposed for human melanoma (Quintana et al, 2008) , we transplanted one million of total Lin À /a6 þ /Epcam þ TECs into the most severe immunodeficient mice (NOD/ SCID/Il2Rg null mice). Despite the complete absence of T, B and NK cells in these mice (Shultz et al, 2005) , no secondary tumour could be obtained following the transplantation of papilloma cells ( Figure 2E ).
To determine whether the absence of secondary tumour formation upon the transplantation of FACS purified Lin À / a6 þ /Epcam þ TECs was due to the absence of tumour stromal cells essential for tumour initiation, we transplanted one million of unpurified cells from different papillomas containing immune cells, blood vessel and fibroblasts presented in the primary tumours into NOD/SCID/Il2Rg null mice ( Figure 2F-H) . In contrast to the transplantation of purified Epcam þ populations, the transplantation of one million of unsorted tumour cells containing TECs, as well as immune, endothelial and fibroblast tumour-associated cells from DMBA/TPA and genetically induced papillomas gave rise to secondary tumours upon transplantation into Swiss Nude and NOD/SCID/IL2RgKO immunodeficient mice ( Figure 2G and H). These secondary tumours presented a similar histology, proliferation ( Figure 2I ) and differentiation ( Figure 2J ) as compared with the primary tumours.
To identify which cells within the tumour stroma is necessary for the propagation of Lin À /a6 þ /Epcam þ TECS from skin papilloma into immunodeficient mice, we co-transplanted FACS-isolated Lin À /a6 þ /Epcam þ TECs with either tumour-associated fibroblasts (CD140a þ cells) or tumour endothelial cells (CD31 þ cells). Interestingly, both tumour-associated fibroblasts and endothelial cells were able to promote secondary tumour formation following the transplantation of papilloma Lin À /a6 þ /Epcam þ TECs ( Figure 2H ). Taken together, these results show that despite the high proliferation of papilloma Lin À /a6 þ /Epcam þ TECs in vivo and their ability to form rapidly growing colonies in vitro, these cells are not clonogenic on their own, and rely on the presence of stromal cells such as endothelial cells and tumour-associated fibroblasts to initiate secondary tumour formation upon transplantation in immunodeficient mice. (Malanchi et al, 2008; Beck et al, 2011; Schober and Fuchs, 2011 
HI directly transplanted after FACS isolation is able to initiate tumour formation upon transplantation into immunodeficient mice. ( Figure 3D ; Table  I ). The overall histology of these secondary tumours was similar to the primary SCC as shown by the expression of basal epithelial markers (e.g., K14) and the almost absence of cells expressing K8 ( Figure 3E ), a marker of more invasive and undifferentiated skin tumours (Caulin et al, 1993) . However, the secondary tumours contain more differentiated cells expressing K10 ( Figure 3E ). Interestingly,
LO cells were also able to reform secondary tumour with similar efficiency (1/5000) and histology as Lin
HI cells (Figure 3D and E; Table I ). However, while these three different SCC TECs populations gave rise to formation of secondary tumour with similar frequency,
LO cells as determined the tumour size 8 weeks after transplantation ( Figure 3F ). Interestingly, tumour arising from the transplan-
LO gave rise to secondary tumour expressing CD34 with the same frequency as the primary tumours or tumours arising from the transplantation
HI cells ( Figure 3G ), demonstrating the plasticity of CD34 expression in TECs. qRT-PCR analysis revelled the preferential expression of EMT regulators and a decrease in E-cadherin expression in Lin
LO TECs ( Figure 3H ).
Increased frequency of TPCs in more aggressive genetically induced SCC
To assess whether the invasiveness of SCCs found in genetic mouse model of sporadic skin SCC mediated by KRas G12D expression and p53 deletion is associated with increased frequency of tumour propagation, we assessed the frequency of TPCs in Lin À /YFP þ TECs from invasive SCC from KRas 
HI is able to initiate secondary SCCs, which is one order of magnitude higher that in the DMBA/TPAinduced SCC ( Figure 4C ; Table I ). Lin À /YFP þ /CD34 LO TECs gave rise to secondary SCCs with even a higher frequency than Lin À /YFP þ /CD34 HI TECs ( Figure 4C ; Table I ) that grew at similar rate ( Figure 4D ), suggesting that CD34 expression does not enrich for TPCs in KRas G12D p53
KO SCC in primary transplantation assay. Moreover, both primary and secondary tumours shared features of aggressive SCC characterized by heterogeneous expression K8 and K14 expression ( Figure 4E and F). Both Lin À /YFP þ /CD34 HI and Lin À /YFP þ /CD34 LO populations gave rise to CD34-expressing cells, which represent the majority of primary and secondary tumour TECs as shown by FACS analysis and costaining of CD34 with YFP ( Figure 4G and I). qRT-PCR analysis revealed the increased expression of EMT regulators and signs of invasiveness in Lin À /YFP þ /CD34
HI cells from genetically induced SCC compared with DMBA/TPA-induced SCC ( Figure 4J ).
Increased frequency of CD34
HI but not CD34 LO TPCs upon serial transplantation To further characterize the long-term renewal potential of TPCs from skin SCC, we assessed the frequency of TPCs following serial transplantations into immunodeficient mice.
Interestingly, the frequency of tumour initiating cells TPCs
HI population from DMBA/ TPA-induced SCC considerably increased during serial transplantation rising from 1/6000 cells after the first transplantation to 1/200 cells after the third transplantation ( Figure 5A ; Table I ). Strikingly, while the initial frequency of TPCs was similar between Lin À /Epcam þ /a6 þ /CD34 HI and Lin À / Epcam þ /a6 þ /CD34 LO TECs after the second round of serial transplantation, the frequency of TPCs continued to increase in Lin À /Epcam þ /a6 þ /CD34 HI population, while tumour propagating TPC frequency dramatically decreased in Lin À / Epcam þ /a6 þ /CD34 LO population after the third round of serial transplantation ( Figure 5B ; Table I ). Importantly, in addition to the increased frequency of TPCs, the latency before tumour appearance decreased with serial transplantation of
HI TECs ( Figure 5C ). Moreover, tumour arising from Lin À /Epcam þ /a6 þ /CD34 HI TECs grew more rapidly than those derived from Lin À /Epcam þ / a6 þ /CD34 LO TECs after the third transplantation ( Figure 5D -F). Nevertheless, the overall histology of tumours did not change with serial transplantation ( Figure 5G ). Like primary tumours, tumours from the third transplantation of DMBA/ TPA-induced SCC present virtually no cells expressing K8 ( Figure 5G ) and like the tumour arising from the first transplantation, tumours from the third transplantation contained more cells expressing the differentiation marker K10 compared with the primary tumours ( Figure 5G ). Tumour propagating TPC frequency during serial transplantation of genetically induced KRas
HI TECs population and decreased Lin À /YFP þ / CD34
LO TECs population and as few as 1/6 Lin À /YFP þ / CD34 HI TECs were able to initiate tumour formation after the third transplantation (Figure 6A-C; Table I ). Tumours arising from the third transplantation presented the same histology and differentiation as the primary tumours, characterized by a loss of K14 expression in some cells and the expression of K8 ( Figure 6D ). Tumour latency also decreased between the first and second transplantation of Lin À /YFP þ /CD34 HI TECs ( Figure 6C ).
These data indicate that Lin À /YFP þ /CD34 HI TEC population presents the ability to massively self-renew during serial transplantation and the frequency of TPCs becomes very frequent after the third round of serial transplantation. In contrast, the frequency of tumour propagating declines in Lin À /YFP þ /CD34 LO 
HI and Lin À /a6 þ /Epcam þ /CD34 LO TECs from DMBA/TPA-induced SCC (n ¼ 5). Data were normalized by gene expression in Lin À /a6 þ /Epcam þ /CD34 LO cells. Scale bars represent 50 mm. 
Tumour propagating frequency of mouse SCC does not increase in immunodeficient mice
Several immunodeficient mice models are routinely used for tumour transplantation assays (Quintana et al, 2008) . The Swiss Nude mice are one of the most commonly used immunodeficient mice and lack functional thymus leading essentially to T (and B) cell deficiency (Gershwin et al, 1975) . NOD/SCID/Il2Rg null mice in contrast lack NK cells in addition to B and T cells (Shultz et al, 2005) . It has been previously reported that primary human melanoma grew much more efficiently in the most immunodeficient NOD/ SCID/Il2Rg null mice (Quintana et al, 2008) . To determine whether the degree of immunodeficiency underestimated the frequency of tumour initiating cells in mouse SCC, we assessed the frequency of tumour formation in syngenic (FVB/N) and NOD/SCID/Il2Rg null mice following the transplantation of limiting dilution of Lin À /a6 þ /Epcam þ cells from DMBA/TPA-induced SCC. No significant difference in the tumour propagating frequency of Lin À /a6 þ / Epcam þ population was observed when SCC cells were transplanted into mice presenting different degree of immunosupression ( Figure 7A ). Similarly, transplantation of Lin À /YFP þ TECs population into Swiss Nude or NOD/ SCID/Il2Rg null mice gave rise to the same frequency of TPCs ( Figure 7B ). These data demonstrate that the degree of immunodeficiency of recipient mice is not a limiting factor for the propagation of mouse invasive SCCs.
Discussion
The relative frequency of TPCs can vary from being extremely frequent (1/4 cells of late stage or metastatic melanoma can be propagated into NOD/SCID/Il2Rg null mice) (Quintana et al, 2008) (Malanchi et al, 2008; Schober and Fuchs, 2011) . Some technical differences between these two studies including the culture of cells before transplantation (Schober and Fuchs, 2011) or the transplantation of crude population of CD34 þ cells isolated by magnetic beads separation, which included endothelial cells as well as TECs (Malanchi et al, 2008) render difficult the comparison between these two studies.
Here, we used different models of skin tumours to assess the relative frequency of TPCs during skin tumour progression by directly transplanting freshly isolated tumour cells with high purity. Both Lin À /a6 þ /Epcam þ /CD34 þ and Lin À /a6 þ /Epcam þ /CD34 À TECs from benign tumours proliferated rapidly in vivo leading to tumour growth and were able to form large and rapidly proliferative colonies in vitro. Surprisingly, neither the Lin À /a6 þ /Epcam þ / CD34 þ , nor the Lin À /a6 þ /Epcam þ /CD34 À TECs were able to give rise to secondary tumours when transplanted into immunodeficient mice. This could at least be partially explained by the interruption of TPA treatment after transplantation in DMBA/TPA-induced papilloma. However, genetically induced papillomas grow quickly in vivo, do not require exogenous drugs to sustain tumour promotion, and fail to form secondary tumours. Interestingly, the co-grafting of tumour stromal cells, such as tumour-associated fibroblasts or tumour endothelial cells together with papilloma Lin À /a6 þ /Epcam þ TECs confer the ability of Lin À / a6 þ /Epcam þ TECs to form secondary tumour formation upon transplantation, although at very low frequency, indicating the apparent inability of papilloma Lin À /a6 þ / Epcam þ TECs to propagate tumours in transplantation assays is the direct consequence of their strong dependence to their tumour microenvironment, which is particularly important in skin papilloma, as recently shown by the critical role of the perivascular niche in regulating stemness of skin papilloma (Beck et al, 2011) . The very low frequency of TPC in skin papilloma demonstrates the limit of the transplantation assay to assess the renewal potential of Table I for different transplanted of replicates). (D) Scheme summarizing the transplanted strategy to assess the conversion of plantation of genetically induced SCC, a number similar to that was recently reported for human melanoma transplanted into NOD/SCID/Il2Rg null mice (Quintana et al, 2008) , suggesting that transplantation may select for tumour cells particularly adapted to growth into immunodeficient mice and/or the self-renewal of TPCs Figure 4C ) (n ¼ 15 replicates), second (blue) (n ¼ 12 replicates) and the third (light blue) (n ¼ 6 replicates) transplantations from KRas Figure 3D ), NOD/SCID/Il2Rg null mice (blue line, n ¼ 9 replicates for each dilution) and FVB/N mice (green line, n ¼ 6 replicates for each dilution) 10 weeks after transplantation. increased with serial transplantation, leading to a progressive enrichment of TPCs overtime. In DMBA/TPA and genetically induced skin tumours, there is a good correlation between the frequency of primary TPCs and their stromal dependence with their p53 status, as p53 is well known to be lost during the progression of papilloma to invasive SCC (Kemp et al, 1993) and p53 is deleted in the primary genetically induced SCC White et al, 2011) , suggesting that p53 indeed may play a critical role in the ability of SCCs to propagate in the absence of stromal cells upon transplantation. However, the increased frequency of TPCs during serial transplantation is unlikely to be the consequence of the p53 status, since p53 is already deleted in primary SCCs. The increase in the frequency of TPCs during transplantation into immunodeficient mice have been previously reported for human primary melanoma that have been first grown into immunodeficient mice before being transplanted at limiting dilution (Boiko et al, 2010) , suggesting that the increase of TPCs with serial transplantations could be an hallmark of tumour propagation assay.
While it was initially reported that CD34 HI murine SCC presented a thousand-fold increase in the frequency of TPCs compared with CD34 LO TECs (Malanchi et al, 2008) , it was latter suggested that both CD34
HI and CD34 LO TECs populations contain similar frequency of TPCs (Schober and Fuchs, 2011) , although these experiments have been performed by culturing primary SCC cells for a short period of time before their transplantation. Our data clearly demonstrate that indeed both Lin À /a6 þ /Epcam þ /CD34 HI and Lin À /a6 þ / Epcam þ /CD34 LO and both Lin À /YFP þ /CD34 LO and Lin À / YFP þ /CD34 HI À TECs contain similar frequency of TPCs during the first two round of serial transplantations, and suggest that the culture condition prior transplantation did not modify the intrinsic ability of these two populations of tumour cells to reform tumour upon transplantation (Schober et al, 2011) .
However, while CD34 HI and CD34 LO give rise to tumour containing the same proportion of CD34 HI and CD34 LO cells, clearly demonstrating that there is an interconversion between CD34 HI and CD34 LO during transplantation of SCC cells as previously described (Schober and Fuchs, 2011) , the long-term renewal potential of these two populations is different. Indeed, the frequency of TPCs of Lin À /a6 þ /Epcam þ /CD34 HI and Lin À /YFP þ /CD34 HI SCCs continued to increase after the third serial transplantation, while there is a progressive decrease in the frequency of TPCs after the third round of transplantation in Lin À /a6 þ /Epcam þ /CD34 LO and Lin À / YFP þ /CD34 LO SCCs in DMBA/TPA-induced SCC and in genetically induced SCC, as well as the rate of tumour growth, suggesting that Lin À /a6 þ /Epcam þ /CD34 LO and Lin À /YFP þ /CD34
LO SCC cells present reduced long-term self-renewal capacities compared with Lin À /a6 þ / Epcam þ /CD34 HI and Lin À /YFP þ /CD34 HI SCC cells. Future studies will be needed to determine whether other markers beside CD34 can be used to isolate a population of tumour cells with higher tumour propagating capacity, already detectable after the first transplantation. The discrepancy between the long-term renewal capacity and the robust tumour contribution of the Lin À /a6 þ /Epcam þ /CD34 HI and CD34
LO SCC cells in the secondary transplant is reminiscent of the situation recently described in Id1 low and Id1 high in glioblastoma (Barrett et al, 2012 ).
The precise molecular determinants responsible for the progressive increase of TPCs during cancer progression and serial transplantation remain to be characterized. However, among other factors EMT regulators appear as likely candidates to contribute to this characteristic in skin SCC. Indeed, Twist1 and EMT that have been previously associated by tumour stemness (Mani et al, 2008) and long-term renewal of tumour cells upon oncogenic KRas G12D expression (Ansieau et al, 2008) , and many very well-known EMT regulators including Twist1, Snail1 are upregulated between Lin À / a6 þ /Epcam þ /CD34 HI and Lin À /a6 þ /Epcam þ /CD34 LO as well as between DMBA/TPA and KRas G12D /p53 null SCC. Further studies would be required to elucidate the functional role of these factors during tumour initiation and progression.
Materials and methods
Mice FVB/N, Swiss Nude and NOD/SCID/Il2Rg null mice were obtained from Charles River. K14CREER (Vasioukhin et al, 1999) , K19CREER (Means et al, 2008) , Lgr5CREER (Barker et al, 2007) , KRas LSL-G12D (Tuveson et al, 2004), p53 fl/fl mice (Jonkers et al, 2001 ) have been previously described. Mouse colonies were maintained in a certified animal facility in accordance with the European guidelines.
DMBA/TPA carcinogenesis
Mice were treated with DMBA and TPA as previously described (Beck et al, 2011) . :: Rosa-YFP were, respectively, treated with 1 and 5 mg of tamoxifen at 28 and 29 days after birth. Papillomas and carcinomas were harvested from 1 month to 4 months after tamoxifen administration.
Tamoxifen administration for oncogenic KRas model
Measurement of papilloma growth
Skin tumours were measured using a precision calliper allowing to discriminate size modifications 40.1 mm. Tumour volumes were measured the first day of treatment and every week until the end of the experiments with the formula
, where d is the minor tumour axis and D is the major tumour axis.
Histology, immunostaining and imaging
Tumours mice were either embedded in OCTand sections were fixed in 4% PAF for 10 min at room temperature, or tumours pre-fixed for 2 h in 4% PAF and embedded in OCT. Samples were sectioned at 4-6 mm sections using CM3050S Leica cryostat (Leica Microsystems GmbH).
The following primary antibodies were used: anti-CD34 (rat, clone RAM34, 1:100, BD), anti-K5 (polyclonal rabbit, 1:2000, Covance), anti-b4 (rat, clone 346-11A, 1:200, BD), anti-KI67 (polyclonal rabbit, 1:200, Abcam), anti-K10 (polyclonal rabbit, 1:2000, Covance), anti-endoglin (polyclonal goat, 1:500, R&D), anti-K14 (polyclonal chicken, 1:1000, covance) anti-K8 (polyclonal rat, 1:1000, hybridoma bank), anti-E-Cadherin (rat, clone ECCD-2, 1:1000, invitrogen), anti-YFP (polyclonal rabbit, 1:1.000, invitrogen). Sections were incubated in blocking buffer (PBS/NDS 5%, BSA 1%, Triton 0.2%) for 1 h at room temperature. Primary antibodies were incubated overnight at 41C. Sections were rinsed three times in PBS and incubated with secondary antibodies diluted at 1:400 for 1 h at room temperature. The following secondary antibodies were used: anti-rabbit, anti-rat, anti-goat, anti-chicken conjugated to AlexaFluor488 (Molecular Probes), to rhodamine Red-X (JacksonImmunoResearch) or to Cy5 (Jackson ImmunoResearch). Nuclei were stained in Hoechst solution (4 mM) and slides were mounted in DAKO mounting medium supplemented with 2.5% Dabco (Sigma).
Pictures were acquired using Axio Imager M1 Microscope, AxioCamMR3 camera and using Axiovision software (Carl Zeiss Inc.).
EdU detection
EdU staining in culture cells. Cells from colony papilloma were incubated 2 h with the EdU (Invitrogen) and are fixed and permeabilized with 4% PAF (pH 7.4) for 10 min. After three washes in PBS, the cells were incubated 1 h with PBS/BSA1%/HS5%/Triton 0.2%. Then the detection of EdU-positive cells was performed following the protocol provided by the manufacturer for Click-ITt EdU Imaging Kits (Invitrogen, Molecular Probes).
EdU staining in papilloma. Mice were treated with 100 ml EdU solution (5 mg/kg). After 4 h of EdU incubation, papilloma were harvested, embedded in OCT and cut in slides of 6 mm. The slides were fixed in 4% PAF and stained with K14 antibody and anti-rabbit conjugated with Alexa488 as described above. Just after the secondary antibody and the three PBS washes, the detection of EdU was performed as described by the manufacturer (Invitrogen, Molecular Probes).
Nuclei were stained in Hoechst solution (4 mM) and the slides were mounted in DAKO mounting medium supplemented with 2.5% Dabco (Sigma). Pictures were acquired using Axio Imager M1 Microscope, AxioCamMR3 camera and using Axiovision software (Carl Zeiss Inc.).
Isolation of TECs
Tumours from FVB/N mice and mice from each oncogenic KRas line were digested in collagenase I (Sigma) for 2 h at 371C on a rocking plate. Collagenase I activity was blocked by addition of EDTA (5 mM) and then rinsed in PBS supplemented with 2% FCS. After tumour digestion, cells were blocked for 15 min at room temperature. Immunostaining was performed using biotin-conjugated anti-CD34 (clone RAM34; BD Pharmingen), FITC-conjugated anti-a6-integrin (clone GoH3; BD Pharmingen), PE-conjugated anti-CD45 (clone 30F11, eBiosciences), PE-conjugated anti CD31 (clone MEC13.3; BD Pharmingen), PE-conjugated anti-CD140a (clone APA5; eBiosciences), APC-Cy7-conjugated anti-Epcam (clone G8.8; Biolegend) by incubation for 30 min on ice. Cells were washed and stained using APC-conjugated Streptavidin (BD Pharmingen) for 20 min on ice. Living tumour cells were selected by forward scatter, side scatter and doublet discrimination by Hoechst dye exclusion. Fluorescence-activated cell sorting analysis was performed using FACSAria and FACSDiva software (BD Biosciences). Sorted cells were collected either in culture medium for in vitro culture or for in vivo transplantation experiments and into lysis buffer for RNA extraction.
Culture of TECs
The culture of TECs were performed as described previously (Blanpain et al, 2004) . In brief, viability of FACSisolated adult keratinocytes was assessed by trypan blue (Sigma) staining, and the cell numbers were determined by the hemocytometer. Equal numbers of live cells were plated onto mitomycin-treated 3T3 fibroblasts in E-media (Rheinwald and Green, 1977) supplemented with 15% serum and 0.3 mM calcium. After 14 days in vitro, cells were trypsinized and counted (Coulter counter; Beckman). Estimation of the relative frequency of tumour propagating cells Estimation of the relative frequency of cancer propagating cells was performed using the extreme limiting dilution analysis (ELDA) as described by Hu and Smyth (2009) and calculated online using the ELDA software online (http://bioinf.wehi.edu.au/software/elda/).
Transplantation assays in immunodeficient mice
Statistics
Statistical and graphical data analyses were performed using Origin 7 (OriginLab) and Prism 5 (Graphpad) software.
RNA extraction, quantitative real-time PCR
The protocol used was previously described (Beck et al, 2011) . Briefly, total RNA extraction and DNase treatment were performed using the RNeasy micro kit (Qiagen) according to the manufacturer's recommendations. After nanodrop RNA quantification, purified RNA was used to synthesize the firststrand cDNA in a 50-ml final volume, using Superscript II (Invitrogen) and random hexamers (Roche). Control of genomic contaminations was measured for each sample by performing the same procedure with or without reverse transcriptase. Quantitative PCR analyses were performed with 2 ng of cDNA reaction as template, using a SYBRGreen mix (Applied Bioscience) and an Agilent Technologies Stratagene Mx3500P real-time PCR system. Relative quantitative RNA was normalized using the housekeeping genes b-actin and Hprt. Primers were designed using Lasergene 7.2 software (DNAStar) and are presented below. Analysis of the results was performed using Mxpro software (Stratagene) and relative quantification was performed using the DDCt method using b-actin as a reference. The entire procedure was repeated in three biologically independent samples. Error bars represent standard error of the mean (s.e.m.). Results were presented as the ratio of Lin À /a6 þ /Epcam þ /CD34 LO in DMBA/TPA SCC or as the ratio of Lin À /a6 þ /Epcam þ /CD34 HI in papillomas.
List of primer used in qRT-PCR
Twist1 mRNA forward 5 0 -agctacgccttctccgtct-3 0 , reverse 5 0 -tcct tctctggaaacaatgaca-3 0 , Snail1 mRNA forward 5 0 -cttgtgtctgcac gacctgt-3 0 , reverse 5 0 -caggagaatggcttctcacc-3 0 , Slug mRNA forward 5 0 -cattgccttgtgtctgcaag-3 0 , reverse 5 0 -agaaaggcttttccccagtg-3 0 , E-Cadh mRNA forward 5 0 -atcctcgccctgctgatt-3 0 , reverse 5 0 -accaccgttctcctccg ta-3 0 , K8 mRNA forward 5 0 -agttcgcctccttcattgac-3 0 , reverse 5 0 -gctgcaacaggctccact-3 0 .
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
